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ABSTRACT 
A p i l o t  p l a n t  designed t o  produce 0.5 Ib  o f  micron and submicron 
be ry l l i um metal powder from commercial BeCl per  8-hr s h i f t  i s  described. 
The process invo lves t h e  e l e c t r o l y s i s  of b e r y l l i u m  o u t  o f  a molten e u t e c t i c  
mix tu re  o f  BeC12-NaCI a t  300' c ,  
Separation of t h e  quasi-amalgam formed, recovery of be ry l  I ium by pressure 
2 
using a mercury cathode and a carbon anode. 
removal o f  t h e  m a j o r i t y  o f  t h e  mercury and vacuum d i s t i l l a t i o n  of  t h e  
res idua l  mercury complete t h e  process. 
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INTRODUCTION 
E l e c t r o l y s i s  of an aqueous s o l u t i o n  us ing a mercury cathode has been 
employed i n  prepar ing amalgams, from which pure metals are recovered by 
d i s t i l l i n g  o f f  t h e  mercury ', *). 
by e l e c t r o  y s i s  i n t o  a mercury cathode a re  those t h a t  have very low s o l u b i l i t y  
i n  mercury These metals are suspended i n  t h e  mercury i n  t h e  form o f  f i n e  
pa r t i c l es ;  t h e  suspension i s  c a l l e d  quasi-amalgam. The powder p a r t i c l e s  i n  
a quasi-amalgam a re  h i q h l y  reac t i ve  and i f  t h e  quasi-amalgam i s  exposed t o  
a i r ,  ox ida t i on  o f  t h e  powder p a r t i c l e s  w i l l  occur rap id l y .  Metal powders 
w i t h  p a r t i c l e  s izes  i n  t h e  micron t o  sub-micron range can be produced by t h e  
amalgam process. 
Metals which w i l l  y i e l d  u l t r a f j w  powders 
I r o n  and n i cke l  powders o f  extremely f i n e  p a r t i c l e  s i z e  and consequent- 
l y  h igh  r e a c t i v i t y  were prepared by t h e  amalgam process 3, '). Because n i cke l  
forms compounds w i t h  mercury, whi le  i r o n  does not, t h e  n i cke l  powder obta ined 
i s  much f i n e r  than t h e  i r o n  powder. The breakdown o f  t h e  n i cke l  compound 
5) dur ing  d i s t i l l a t i o n  o f  t h e  mercury r e s u l t s  i n  t h e  reduced p a r t i c l e  s i z e  
I n  t h e  mercury phase, t h e  suspended p a r t i c l e s  undergo a process o f  
aging, i.e., agglomerate spontaneously, even a t  room temperature. I f  a h igh  
enough temperature i s  used t o  d i s t i l l  o f f  t h e  mercury, s i n t e r i n g  may take  
place. The s in te red  p a r t i c l e s  may be bonded together, even as low as 400' C 
as i n  t h e  case o f  i ron6)  and cannot easi l y  be crushed t o  f i n e  powders. There- 
f o r e  s i n t e r i n g  should be minimized by d i s t i l l i n g  under h igh  vacuum a t  as low 
a temperature as poss ib ie .  Furiner, s ince i n e  s i n t e r i n g  temperafure of a 
metal powder i s  lower t h e  lower t h e  me l t i ng  p o i n t  o f  t h e  metal, it fo l l ows  
t h a t  t h e  amalgam process i s  r e a l l y  s u i t a b l e  on l y  f o r  r e l a t i v e l y  h igh  me l t i ng  
. 
c 2 
p o i n t  metals. 
7)  
Be ry l l i um has a s o l u b i l i t y  o f  0.001 w t  % of mercury . I t  i s  no t  y e t  
known whether or no t  it forms compounds w i t h  mercury. I t  i s  known however, 
t h a t  when a be ry l l i um s a l t  i s  e lec t ro lyzed us ing a mercury cathode, a quasi- 
amalgam i s  formed. Because of the  h igh  o x i d a t i o n  p o t e n t i a l  o f  bery l l ium,  
it cannot be e lec t ro l yzed  o u t  of an aqueous so lu t i on .  
The prepara t ion  of u l t r a f i n e  b e r y l l i u m  powder by e l e c t r o l y s i s  of a 
molten s a l t  us ing a mercury cathode was inves t iga ted  by Kel ts ,  Holden, and 
Wh i tman 8, as t h e  r e s u l t  of a patented process u t i l i z i n g  t h i s  p r i n c i p l e  
by Kopelman and Holdento) .  The process makes use of a molten BeCI2-NaCI 
e l e c t r o l y t e ,  a graph 
necessary t h a t  t h e  e 
mercury. A t  f i r s t  a 
process was developed using a IO-in. diameter ce 
mercury cathode was continuously s t i r r e d  and t h e  
t r a c t e d  from t h e  c e l l .  The amalgam was f i l t e r e d  
t e  anode and a mercury cathode. I t  i s  o f  course 
e c t r o l y t e  be molten below t h e  b o i l i n g  p o i n t  o f  t h e  
5-in. diameter c e l l  was operated, and l a t e r ,  a continuous 
1 .  During e l e c t r o l y s i s  t h e  
amalgam cont inuously  ex- 
and the  mercury recyc led 
t o  t h e  c e l l .  
f r esh  cathode surface. 
by f i l t r a t i o n ;  f u r t h e r  concentrat ion was achieved by pressing a t  r e l a t i v e l y  
h i g h  pressure. The powder could a i s o  be recovered by distil I Ing the cm-  
cent ra ted  amalgam under vacuum. 
S t i r r i n g  of t h e  mercury was necessary t o  cons tan t l y  expose 
The d i l u t e  amalgam was concentrated t o  2 w t  % Be 
The b e r y l l i u m  powder produced by t h e  amalgam process of Kopelman e t  a l  
had a much smal ler  p a r t i c l e  s ize  than be ry l l i um powders produced by o the r  
methods. 
powder me ta l l u rg i ca l  app l i ca t ions  as we l l  as f o r  incorpora t ion  i n t o  a 
p o t e n t i a l  rocket  f u e l .  
Such u l t r a f i n e  powder may be espec ia l l y  s u i t a b l e  f o r  c e r t a i n  
I f  t he  proper precautions are  taken t o  exclude 
3 .. 
oxygen and water from a l l  operations, t h e  powder should be o f  p u r i t y  a t  
l e a s t  equ iva len t  t o  commercial be ry l l i um and w i t h  a p a r t i c l e  s i z e  o f  about 
O.I-IOp, 
metal compacts d i r e c t l y  by h o t  pressing t h e  concentrated amalgam 8* 'I. 
heavy mercury vapor envelopes and p ro tec ts  t h e  compact from o x i d a t i o n  dur ing 
press i ng. 
Th is  e a r l i e r  work showed t h a t  it was a l s o  poss ib le  t o  produce 
The 
One important advantage of u t i l i z i n g  a mercury cathode i s  t h e  b e l i e f  
t h a t  t h e  product w i l l  not  be contaminated w i t h  e l e c t r o l y t e  as i s  t h e  case 
when a s o l i d  cathode i s  used. Therefore no washing step i s  necessary t o  
remove t h e  e l e c t r o l y t e .  
tam 
rou  
i o n  
PROCESS DESCRIPTION 
The present i n v e s t i g a t i o n  was i n s t i t u t e d  using a l a rge r  c e l l  than t h a t  
o r i g i n a l l y  used by K e l I s  e t  a l .  I t  i s  hoped t h a t  experience app l i cab le  t o  
large-scale product ion of be ry l l i um Dowder by the  amalgam process w i l l  be 
obtained. A t  t h e  same t ime s u f f i c i e n t  powder w i l l  be produced f o r  eva lua t ion  
of i t s  me ta l l u rg i ca l  p o t e n t i a l  and i t s  a p p l i c a b i l i t y  as a rocke t  f u e l  
ad d i t i ve . 
Bery l l i um cannot be produced by aqueous e l e c t r o l y s i s ,  because t h e  
b e r y l l i u m  ion  i s  s t rong iy  hydrated i n  soiufim and tbe  ~ n l y  product  nhtainnd 
i s  Be(0H) 
i s  no t  favorable.  E l e c t r o l y s i s  i n  organic  so lvents  has been t r i e d  b u t  has 
been unsuccessful due t o  low power e f f i c i e n c y ,  low y i e l d ,  and product con- 
na t i on  . E l e c t r o l y s i s  using fused s a l t s  i s ,  therefore,  t h e  apparent 
e for producing bery l l ium.  
zed and usua l l y  have a high vapor pressure. 
The reduc t ion  p o t e n t i a l  of t h e  b e r y l l i u m  ion  i n  aqu&us s o l u t i o n  
2' 
I I )  
Pure molten be ry l l i um s a l t s  are not  apprec iab ly  
They are  mixed w i t h  an 
0' 
a l k a l i  or  
conduct i v 
An e 
component 
a l k a l i n e  e a r t h  s a l t  t o  form a low-melting eu tec t ic ,  w i t h  increased 
t y  and lowered vapor pressure. 
e c t r o l y t e  t o  be used f o r  b e r y l l i u m  e l e c t r o l y t e  must conta in  no 
w i t h  a decomposition po ten t i a l  lower than t h a t  o f  bery l l ium.  A 
BeCl -NaCI e u t e c t i c  mix tu re  meets these requirements. 
NaCl phase diagram according t o  Schmidt12). 
occurs a t  50 mol % BeC12 and melts a t  215OC. 
F ig.  I shows t h e  BeCI2- 
I t  w i  I I be seen t h a t  t h e  e u t e c t i c  
2 
A f lowsheet o f  t h e  o v e r a l l  process i s  shown i n  F ig .  2 which ind ica tes  tha t ,  
f i r s t ,  BeC12 i s  p u r i f i e d  by subl imat ion a t  485OC. 
t o  t h e  e l e c t r o l y s i s  c e l l  where an approximately e u t e c t i c  mix tu re  o f  BeCI2-NaCI 
i s  e lec t ro l yzed  a t  about 275-300' C. 
cathode i n  t h e  form of a quasi-amalgam. 
f i l t e r  where a paste of quasi-amalgam i s  co l l ec ted ;  t h e  mercury passing 
The p u r i f i e d  BeCl i s  fed  2 
The b e r y l l i u m  c o l l e c t s  i n  t h e  mercury 
The quasi-amalgam i s  drawn o f f  t o  a 
i s  pumped t o  a ho ld ing  tank ready f o r  r e c i r c u l a t i o n  t o  t h e  
The paste i s  pressed t o  squeeze o u t  more mercury and t h e  
ns a f t e r  press ing may beremoved by d i s t i l l a t i o n  leav ing 
through t h e  f i l t e r  
e l e c t r o l y s i s  c e l l .  
mercury which rema 
bery I I i um powder. 
4 
RAW MATERIALS 
I n  order t o  produce a pure powder, all raw materials must be of t h e  
h ighes t  poss ib le  p u r i t y .  Because most impur i t i es  i n  the  fused s a l t  e l e c t r o l y t e  
a r e  e lec t ro l yzed  a t  a decomposition p o t e n t i a l  below t h a t  o f  bery l l ium,  they 
w i l l  contaminate t h e  product. 
Bery l  I ium Ch lor ide  
Commercial l y  a v a i l a b l e  BeC may be o f  s u f f i c i e n t  p u r i t y  t o  produce 2 
gam process. Due t o  i t s  h igh  r e a c t i v i t y  pure b e r y l l i u m  metal by t h e  ama 
I 
80C 
6 0 C  
20c 
C 
No Ci 
5 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
20 40 60 
Mol.  % 
Fig. I - Phase d i a g r a m  BeCi2-Na Ci 
80 100 
Be Ci2 
1 -  
1 
H o t  Condenser 400'G 
f o r  
P u r i f i e d  BeC12 
6 
Cold Condenser 
- - Be C12, Si Gl4, A I  CIS, 
Fe CI, 
Be C12 
1 To Gas - 
Scrubber 
I S u b l i m a t i o n  4 8 5 O  C I 
- 
E l e c t r o l y t i c  Cel l  
2 7 5 - 3 0 0 "  C 
- Hg 
quasi - a m a l g a m  
2 w / ~  Be 
quasi-amalgam 
Be+ res idua l  Hg i 
Hg 0 ist  i I la t i an  
Be Powder I 
F i g .  2 - F l o w  S h e e t  o f  A m a l g a m  P r o c e s s  
I ' 7 
c 
w i t h  a i r  
Sub I imat 
( 1 4  
BeC I 
L 
t h e  boi  I 
and moisture, non-volat i  l e  oxychlor ides may be present. 
on and f r a c t i o n a l  condensation i s  a convenient method t o  p u r i f y  
because of i t s  r e l a t i v e l y  low sub l imat ion  temperature compared t o  
ng temperatures o f  o ther  impur i ty  ch lo r i des  (Table I ) .  Here, BeCl 
2 
was sublimed p r i m a r i l y  t o  e l im ina te  water and oxides. 
TABLE I 
(15) Me l t i ng  Po in ts  and B o i l i n g  Po in ts  o f  Some Chlor ides 
Ch l o r i d e  
M.P. 
O C  
B.P. 
O C  
Sic1 
4 
A I C 1 3  
FeC I 
BeC I 
N i C I 2  
-70 
I90 
282 
440 
1001 
57.57 
177.8 ( sub l )  
315 
520 (sub11 
973 
Sodium Ch lor ide  
Reagent-grade sodium c h l o r i d e  was acquired from J .  T. Baker Chemical 
Company. The s u p p l i e r ' s  ana lys is  i s  shown i n  Table 1 1 .  
TABLE I I 
Impur i t ies  I n  NaCI. 
lmpuri t y  
Arsen i c 
Brom i ne 
I ron 
Heavy Metals 
Iod ine 
Inso l .  res idue 
Potass i um 
N i t r o u s  ox i des 
Phosphate 
Sul f a t e  
PPm 
5 
30 
0.5 
40 
I O  
30 
4 
10 
I 
5 
' .* 
, . 8 
Mercury 
The mercury was spectographica l ly  comparable t o  reagent-grade 
t r i p l e - d i s t i l l e d  mercury. 
I n e r t  Gas 
- 
An i n e r t  d ry  atmosphere i s  needed t o  prevent o x i d a t i o n  and hyd ro l ys i s  
of t h e  BeC12, of t h e  quasi-amalgam and of t h e  b e r y l l i u m  metal powder. Since 
b e r y l l i u m  i s  no t  repor ted  t o  form n i t r i d e s  a t  low temperatures, n i t rogen  can 
be used as t h e  i n e r t  gas. I t  was obta ined i n  low-pressure l i q u i d  form and t h e  
s u p p l i e r ' s  ana lys is  of t h e  gas was 99.997% p u r i t y  and w i t h  a dew-point -84OF. I 
Argon may rep lace n i t rogen  i n  the f u t u r e  i f  t h e  u t t r a  f i n e  b e r y l l i u m  produced 
should be r e a c t i v e  t o  n i t rogen.  
EQU I PMENT 
The p i l o t  p l a n t  cons i s t s  of two sect ions:  a sub l imat ion  u n i t  and an 
Y 
' : 
I '  
e l e c t r o l y t i c  c e l  I system. A I  I equipment and accessories are ' lacated i n  t h e  
General Laboratory Bu i ld ing ,  of The Anaconda Company, Anaconda, Montana. i 
F ig .  3 shows t h e  f l o o r  plan. I 
The BeCl Sub l i pa t i on  U n i t  -2 -
The subl imat ion u n i t  i s  designed t o  p u r i f y  a 5 - lb  batch o f  commercially 
~ 
pure BeCI2 by sub l imat ion  and f r a c t i o n a l  condensation as shown i n  Fig. 4. 
T h e  c h a r g e  c r a c i b l e  (2 )  i s  made of n icke l  and i s  clamped t o  t h e  furnace l i d  
~ 
( 3 ) .  C a r r i e r  gas en ters  t h e  c r u c i b l e  t o  t ranspor t  t h e  ho t  vapors t o  con- I 
I 
densers. The furnace i s  housed i n  a hood (F ig .  5) t o  prevent t o x i c  vapors I 
from en te r ing  t h e  room. 
The condensers a re  12-in. diameter n i cke l  c y l i n d e r s  w i t h  tapered bottoms 
t o  match 8-in. diameter c ruc ib les .  The ho t  condenser (5 )  i s  heated by s t r i p  
heaters, and i s  i nsu la ted  t o  e f f e c t  t h e  f r a c t i o n a l  condensation o f  BeCI2 wh i le  
c 
. *? 
iFl 
, 
I 
.+ 
8 
ul 
U 
Q 
7 
IO 
. ** 
t h e  c o l d  condenser (6 )  c o l l e c t s  any f i n e  BeCl p a r t i c l e s  and i m p u r i t i e s  
2 
which escape from t h e  ho t  condenser. The condensers a re  conta ined i n  a 
s ta in less -s tee l ,  n i t rogen  atmosphere box (F ig .  5 )  t o  prevent o x i d a t i o n  
and h y d r o l y s i s  o f  t h e  p u r i f i e d  BeCl . 
o f  BeC12, which can cause clogging, t h e  connect ing pipes ( 4 )  a r e  kept  near 
To prevent  premature condensation 
2 
3OOOC by heat ing  tapes. 
F ig .  5. Dry Box and Hood 
The o u t l e t  o f  t he  co ld  condenser i s  connected t o  the  gas t r a i n .  The 
gas scrubbing t r a i n  cons is ts  o f  a la rge  carboy t o  c o l l e c t  most o f  t h e  f i n e  
dus t  leav ing the  c o l d  condenser, an anhydrous s u l f u r i c  a c i d  t rap ,  and a 
sodium hydroxide scrubber. 
t h e  stack.  
The gases leav ing the  gas t r a i n  a re  vented t o  
E l e c t r i c  power t o  t h e  po t  furnace i s  c o n t r o l l e d  manually w i t h  a var iab  
transformer. The sub l imat ion  u n i t  conta ins f i v e  thermocouples located as 
fo l lows:  p o t  furnace, ho t  condenser i n l e t ,  h o t  condenser o u t l e t ,  c o l d  con- 
12 
e 
denser i n l e t ,  and c o l d  condenser o u t l e t .  A l l  thermocouples are  connected t o  
a recorder, wh i le  t h e  ho t  condenser o u t l e t  thermocouple i s  connected t o  a 
c o n t r o l l e r ,  which regu la tes  t h e  power input  t o  t h e  s t r i p  heaters. 
t h e  c e l l  i s  contained ins ide  a 
exhaust system f o r  sa fe  disposa 
The c e l l  (F ig .  7)  cons is ts  
s t e e l  c y l i n d e r  22-1/2 i n .  deep. 
E l e c t r o l y t i c  Cell System - 
A schematic o u t l i n e  o f  t h e  e l e c t r o l y t i c  c e l l  system i s  shown i n  F ig .  6. 
The c e l l  ( 1 )  was designed w i th  a capac i ty  o f  500-550 I b  o f  mercury and 
100 Ib  o f  e l e c t r o l y t e  t o  be capable o f  producing a t  l eas t  0.5 I b  o f  b e r y l l i u m  
powder per  8-hr s h i f t .  To prevent any t o x i c  vapors from en te r ing  t h e  room, 
arge wooden hood, which i s  connected t o  an 
o f  t h e  vapors. 
o f  a 15-3/4 i n .  i ns ide  diameter s ta in less -  
by a 5-in. deep l i d  which i s  
se l i d  which f i t s  i n  a groove 
i d ,  a l l ow ing  f o r  a gas purge. 
and cooled by a copper water- 
I t  i s  covered 
at tached t o  t h e  c e l l  by a bo l ted  f lange. A f a  
i n s i d e  t h e  f lange separates the  c e l l  from t h e  
The f lange i s  gasketed w i t h  a neoprene O-ring, 
coi I .  
The c e l l  i s  sleeved ins ide  w i t h  a Pyrex c y l i n d e r  15-3/8 in .  ou ts ide  
diameter and 18-1/8 i n .  depth. Th is  sleeve res tes  on brackets 3-1/2 in .  
up from t h e  i ns ide  bottom of the c e l l .  There are  two Te f lon  blocks on t h e  
c e l l  bottom t o  seat  t h e  s t i r r e r  shaf ts .  Two s t i r r e r  sha f t s  extend through 
t h e  l i d ,  sealed by 
pro tec ted  from t h e  s a l t  by glass sleeves, and i n t o  t h e  mercury. The 
e l e c t r o l y t e  i s  prevented from contac t ing  t h e  c e l l  wal l  by t h e  g lass c y l i n d e r .  
r o t a r y  mercury seals, i n t o  t h e  c e l l ,  where they are  
.' 
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(2). I n  (F ig .  6) a va lve on the i n l e t  s ide  permi ts  mercury t o  en ter  
c e l l ,  thus f o r c i n g  t h e  amalgam out  o f  t h e  c e l l ,  through a coo le r  ( 3 )  
f i n a l l y  i n t o  t h e  vacuum f i l t e r  ( 4 ) .  The coo le r  can be washed w i t h  c 
mercury by open 
A mercury 
f l u c t u a t i o n s  i n  
t h e  lamp i n  c 
l eve l  goes up 
b r  1 ghter .  
The ce l  I 
r c u i  t 
t h e  
a l s o  
w i t h  t h e  
amp i n  c 
onta i ns 
The anode, a 4-5/8 in .  diameter doubly-impregnated g raph i te  rod, 
extends through t h e  c e l l  l i d ,  f a l se  l i d ,  and thence i n t o  t h e  s a l t .  The 
d is tance between t h e  anode and cathode which determines t h e  amperage a t  
any g iven voltage, i s  approximately two inches. The anode i s  sealed and 
insu la ted  through t h e  l i d  by a Tef lon sleeve conta in ing  a Te f l on  O-ring, 
and i s  insu la ted  from the  f a l s e  l i d  by a T rans i te  l i n e r .  
The leve l  o f  t h e  mercury i n  t h e  c e l l  i s  c o n t r o l l e d  by an over f low U-trap 
t h e  
and 
ea n 
ng another valve t o  bypass t h e  c e l l .  
eve1 i n d i c a t o r  (F ig .  8) i s  used i n s i d e  the  c e l l  so t h a t  
mercury leve l  may be observed. I t  cons is t s  o f  t h ree  
plat inum-tipped, glass-shielded probes: i n  t h e  mercury, t h e  s a l t ,  and a t  
t h e  in te r face .  The probes i n  the s a l t  and mercury a re  connected i n  p a r a l l e l  
w h i l e  t h e  probe a t  t h e  i n te r face  i s  common t o  both c i r c u i t s .  The two 
independent c i r c u i t s  i nd i ca te  mercury leve l  changes by a v a r i a t i o n  i n  t h e  
i n t e n s i t y  o f  t h e  lamp i n  each c i r c u i t .  Normally t h e  lamp i n  c i r c u i t  w i t h  
t h e  probe i n  t h e  mercury i s  b r igh t ,  wh i le  t h e  o the r  lamp i s  no t iceab ly  dim 
due t o  lowered conduc t i v i t y  o f  the  s a l t .  I f  t h e  mercury leve l  goes down, 
mercury probe grows dimmer bu t  i f  t h e  mercury 
r c u i t  w i t h  t h e  probe i n  t h e  s a l t  becomes 
hree thermocouples: One Is located i n  t h e  
mercury and i s  connected t o  a heater c o n t r o l l e r  wh9 le . the  o the r  two are  
located a t  d i f f e r e n t  depths i n  the  e l e c t r o l y t e ,  A l l  t h ree  are  connected 
t o  a recorder. 
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6v. AC 
C 
S a l t  Level L i g h t  
Mercury Level L i g h t  
Fused s a l t  
I n te r face  
b Mercury 
F ig.  8. Mercury Level I n d i c a t o r  Schematic 
The f i l t e r  assemby (F ig .  9) cons is t s  of an ou te r  f i l t e r  tank; a 
removable cup ins ide  the  f i l t e r  tank  which conta ins t h e  100-mesh f i l t e r i n g  
screen supported by heavy gauge screens and a l i d  on top  o f  t h e  f i l t e r  tank 
which i s  fastened down by a s ing le  b o l t  clamp. The mercury e x i t s  from t h e  
f i l t e r  tank, through a pump (51, and i n t o  a ho ld ing  tank ( 6 ) .  
- 
Ihe t i t t e r  tanK has a capaci ty  of 640 i b  of iri6rcut-y and t he  ci;p G 
capac i ty  o f  75 I b  o f  amalgam cake. The screens are kept i n  p lace by a re- 
t a i n i n g  r i n g  on t h e  cup bottom, and t h e  cup may be removed through t h e  top 
of t h e  tank. Mercury and n i t rogen en ter  above the  screen cup, wh i l e  t h e  
vacuum e x i t  and mercury o u t l e t  a r e  below t h e  screens i n  t h e  f i l t e r  tank. 
The f i l t e r  i s  contained ins ide a n i t r o g e n - f i l l e d  c o n t r o l  ed atmosphere 
box t o  prevent ox ida t i on  o f  amalgam dur ing  handling. The f l l  e r  cup can 
be t r a n s f e r r e d  t o  another d ry  box f o r  storage or f u r t h e r  hand ing. The 
17 
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, 
Filter Dry Box, Pump, Holding Tank, and Nitrogen Controls 
1 
? -. 
FIG.  IO - E L E C T R O L Y T I C  C E L L  SYSTEM 
amalgam may be a l s o  removed from t h e  screens and t rans fe r red  t o  conta iners  
i ns ide  the  p l a s t i c  dry box. 
The mercury pump i s  a p e r i s t a l t i c  type, and i s  s p e c i f i e d  t o  sus ta in  
a mercury f low of 0.1 gpm against a head of 60 in .  Th is  a l lows s torage of 
mercury above t h e  c e l l  leve l  so t h a t  tapp ing  can be made t o  occur by g r a v i t y  
mercury leav ing t h e  hold ing tank  i s  c o n t r o l l e d  by t h e  i n l e t  va lve f low. The 
( 7 )  or t h e  
The e 
bypass va lve  ( 8 ) .  
e c t r o l y t i c  c e l l  system i s  shown i n  F ig .  IO. 
Powder Recovery - U n i t  
The oxygen-sens i t i v i t y  of both t h e  amalgam and powder necess i ta tes 
both be handled i n  a vacuum dry box. By press ing t h e  amalgam i n  a press 
f i t t e d  w i t h  t h e  proper accessories, it i s  poss ib le  t o  remove approximate 
of  t h e  mercury from t h e  amalgam. The pressed b e r y l l i u m  ama 
t r a n s f e r r e d  t o  a vacuum d i s t i l l a t i o n  u n i t  t o  remove t h e  res 
The mercury s t i l l  (F ig .  1 1 1 )  was se lected t o  permi t  removing 
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hat  
out- 
y 90% 
gam must then be 
dua I mercury. 
t h e  I i d  from the  
r e t o r t  f o r  charging t h e  amalgampasteand c o l l e c t i n g  t h e  powder a f t e r  d i s t i l l a -  
t i o n .  
Vacuum 
Co I I e c t  B o t t  I e 
Fig. I I .  Vacuum D i s t i l l a t i o n  U n i t  
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RESULTS 
BeCI2 P u r i f i c a t i o n  
The sub l imat ion  u n i t  was operated success fu l l y  f o r  over a month on 
i t s  i n i t i a l  t r i a l s .  The main d i f f i c u l t y  was p lugging o f  t h e  connecting 
pipes. Th is  usua l l y  occurred when t h e  furnace temperature was 225-300°C. 
I t  was found t h a t  w i t h  slow heating rates,  h igh  n i t rogen  flow r a t e  and con- 
t r o l  I ing t h e  ho t  condenser temperature a t  350-400°C, t h e  appearance of t h e  
p u r i f i e d  product was improved, i.e., a spongy, loose-packed, a c i c u l a r  de- 
p o s i t  was produced. 
For ana lys i s  t h e  p u r i f i e d  BeCI2 was d isso lved i n  water, NH40H added t o  
p r e c i p i t a t e  Be(OHI2, which was taken t o  dryness and i g n i t e d  t o  BeO, 
g raph ic  ana lys is  o f  t h i s  mater ia l  i s  g iven i n  Table I l l .  
Spectro- 
TABLE I I I 
2 
Analys is  of Be0 from P u r i f i e d  BeCl 
(Values In Ppm) 
Sample I Sample 2 Sample 3 Sample 4 
A I  
B 
Ca 
Cd 
co 
C r  
cu  
Fe 
Mn 
Mo 
Na 
N i  
Pb 
S i  
T i  
Zn 
*g 
Mg 
I 0 4  
5 
Trace 
I80 
53 
420 
360 
4 90 
300 
I IO 
23 
47 
290 
310 
I 1 5  
850 
I90 
320 
64 
3 
Trace 
200 
i i o  
I50 
I300 
52 
255 
I60 
50 
52 
I50 
650 
82 
480 
I05 
I70 
40 
2 
Trace 
95 
i s  
70 
I50 
300 
IO0 
60 
9 
I I  
I20 
D 05 
68 
370 
70 
B I O  
70 
9 
Trace 
260 
24 
250 
41 
550 
! 50 
I70 
I I  
i-i 
200 
J 40 
45 
730 
I60 
220 
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Operation of t h e  C e l l  
Two e l e c t r o l y t i c  runs have been made t o  date. The f i r s t  las ted  3 
hours, 24 minutes and averaged 190 amperes, 6 vo l t s ,  for  an ampere-hour 
t o t a l  of 646. The second operated for  4 hours 15 minutes and averaged 
250 amperes, 7 
t o t a l  of 1708 
of BeC12. Ana 
vo l t s ,  for  an ampere-hour t o t a l  of 1062. The ampere-hour 
s equiva lent  t o  .443 pound Be or a dep le t i on  o f  3.94 pound 
ysis of t h e  s a l t  showed a decrease of 2.35 pound o f  BeC12, 
y l e l d l  ng a cu r ren t  e f f i c i e n c y  of  59.7%. Because of t h e  vapor losses, t h i s  
c u r r e n t  e f f i c i e n c y  i s  o n l y  approximate. A more accurate means of  determining 
c u r r e n t  e f f i c i e n c y  i s  planned i n  t h e  f u t u r e  by determining t h e  c h l o r l n e  con- 
conten t  i n  t h e  e x i t  gases. 
Ana lys is  of Product 
A sample of t h e  quasl-amalgam obtained was exposed t o  t h e  a i r  and t h e  
b l a c k  powder which separated was co l l ec ted .  P a r t  of t h e  powder was ca lc ined,  
and both ca lc ined and uncalcined samples were analyzed spec t rograph ica l l y  
w i t h  t h e  resul ts ,shown i n  Table I V .  
TABLE I V  
Analys is  of Oxidized Powder from Quasi-Amalgam 
(Values i n  Ppm) 
Oxld ized Ca I c l  ned 
(Black Powder) Product 
41 
Ag 
8 
Ca 
Cd 
co 
C r  
cu  
Fe 
Mg 
Mn 
MO 
Na 
N i  
S i  
Zn 
2500 
200 
4 
I40 
4 
60 
700 
I80 
6000 
20 
280 
300 
800 
I200 
50 
90 
I300 
250 
13 
240 
6 
I20 
I500 
450 
I5000 
60 
660 
700 
300 
3000 
I50 
I70 
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Since most metals have lower decomposition p o t e n t i a l s  than be ry l -  
. 
I 
lium, t h e  bu lk  of t h e  impur i t i es  i n  t h e  e l e c t r o l y t e  were e lec t ro l yzed  
i n  t h e  i n i t i a l  e l e c t r o l y s i s .  The quasi-amalgam sample contained main 
b e r y l l i u m  from t h e  f i r s t  e l e c t r o l y t i c  run and was expected t o  be h igh  
impur i t ies .  Subsequent X-ray d i f f r a c t i o n  and chemica 
t h a t  t h e  b lack  powder was actual  l y  about 90% metal I i c  
remainder BeO. Comparison of t h e  b lack  powder w i t h  a 
known p a r t i c l e  s i z e  a t  approximately 500 X has ind ica  
Y 
i n  
ana lys i s  revea ed 
bery l l ium,  and t h e  
n i c k e l  powder o f  
ed, t e n t a t i v e l y ,  
t h a t  t h e  b lack  powder has a p a r t i c l e  s i z e  o f  about I micron. 
FUTURE WORK 
I t  i s  be l ieved t h a t  a l l  the  equipment i s  operable and t h a t  f u t u r e  
runs w i l l  op t im ize  e f f i c i e n c y  o f  e l e c t r o l y s i s  and p u r i t y  of product. 
I t  i s  planned t o  produce th ree  products; b lack  powder, concentrated 
quasi-amalgam from which a considerable amount of t h e  mercury has been 
removed by f i l t r a t i o n  and pressure compaction, and b e r y l l i u m  metal powder 
produced by d i s t i l l a t i o n  away o f  res idua l  mercury from t h e  concentrated 
ama I gam. 
Hot  press ing and me ta l l u rg i ca l  eva lua t ion  w i l l  be conducted on t h e  
By supplying small q u a n t i t i t e s  o f  t h e  b lack  powder f i r s t  two products. 
and of t h e  b e r y l l i u m  metal powder t o  se lected laborator ies,  which a re  in -  
v e s t i g a t i n g  s o l i d  p r o p e l l a n t  fue ls ,  we hope t o  determine t h e  p o t e n t i a l  of 
these products as rocke t  f u e l  add i t i ves .  
A r w n w i  cnmxact,iTc 
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APPEND I X 
OPERATl ON OF T E .  UNITS 
Due t o  the  t o x i c i t y  o f  BeCl and o f  mercury vapor, g rea t  
always be taken t o  con f ine  any vapors t o  the  hooded and ven t i  
areas. Any doubt about t h e  cond i t ion  o f  t h e  a i r  demands wear 
2 
care must 
ated dry-box 
ng resp i r a t o r y  
equipment. Any contamination o f  t h e  working area i s  cleaned immediately. 
powder before p u t t i n g  
Sharp objects ,  heat, 
boxes s ince  t h e  gloves 
mmediately t o  prevent 
Hands should be thoroughly  covered w i t h  talcum 
on dny box gloves t o  a l low easy removal i f  requ i red  
and rough edges are  avoided when working I n  t h e  dry  
rup tu re  eas i l y .  
contamination o f  t h e  laboratory .  
Ruptured gloves should be changed 
Special c l o t h i n g  i s  used i n  t h e  p l a n t  and showers are  taken before 
leav ing the  work area t o  prevent ou ts ide  contamination. G oves and pro- 
t e c t i v e  aprons are worn. I n  the  case of suspected a i r  con amination, o r  
i f  working i ns ide  t h e  po t  furnace hood o r  c e l l  enclosure, r e s p i r a t o r s  o r  
gas masks are  worn. Respi r a t o r s  remove on ly  f ine  dust  p a r t i c l e s  from t h e  
a i r ,  wh i le  t h e  gas mask w i l l  remove c h l o r i n e  and mercury vapors. 
The p l a n t  area and adjacent rooms are  cons tan t ly  t es ted  for mercury 
vapor by a mercury vapor detector  and f o r  b e r y l l i u m  content  by a suc t i on  
t ype  a i r  sampler. The maximum level  of permiss ib le  be ry l l i um concentrat ion 
i n  t h e  a i r ,  2/cg/cu. m., was rarely.exceeded. However, v e n t i l a t i o n  and 
hand l ing  p rac t i ces  a r e  constant ly  s tud ied  for  f u r t h e r  improvement. 
A change room adjacent t o  the  p l a n t  room conta ins lockers, sink, 
t o i l e t ,  and shower f a c i l i t i e s .  
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PURIFICATION OF BeCI2 BY SUBLIMATION 
Cleaning - and Charging. Before beginning subl imation, t h e  connecting 
p ipes i n  t h e  u n i t ,  t h e  ho t  condenser, and t h e  charge c r u c i b l e  a re  a l l  cleaned. 
The connecting pipes a re  cleaned by removing t h e  end caps and i n s e r t i n g  a 
p ipe  o r  c lean ing  tool. Care must be taken t o  be sure t h a t  a l l  t h e  sub- 
l imate  i s  removed f r o m  t h e  w a l l s  o f  t h e  pipes. The ho t  condenser i s  
cleaned by removing t h e  c r u c i b l e  from t h e  bottom, and i n s e r t i n g  a spatu la  
i ns ide  the  condenser. The s u l f u r i c  a c i d  and caus t i c  soda s o l u t i o n s  I n  t h e  . 
gas t r a i n  should be checked. 
be discarded and f resh  so lu t i ons  added. 
When t h e  so lu t i ons  appear tu rb id ,  they should 
Before f i l l i n g  t h e  charge c ruc ib le ,  any scale and lumps should be re- 
moved. 
c h l o r i c  a c i d  t o  remove any adherent scale. About 5 I b  o f  impure BeC12 i s  
charged i n  t h e  c ruc ib le ,  t h e  c r u c i b l e  clamped t o  t h e  furnace l i d ,  and the  
Occasional ly t h e  charge c r u c i b l e  should be washed w i t h  d i l u t e  hydro- 
p o t  furnace i s  ra ised  around the  c ruc ib le .  
Sublimation. The flow of water t o  t h e  co ld  condenser and t h e  opera t ion  
o f  t h e  heat ing tapes should f i r s t  be checked. 
i s  s e t  a t  a predetermined temperature, and the  ho t  condenser heaters turned 
on. While t h e  ho t  condenser i s  warming up, t h e  pot furnace c o n t r o l  i s  s e t  
t o  255, and t h e  n i t rogen  f low ing  i n t o  t h e  furnace adjusted t o  1.68 l b /h r  on 
t h e  flowmeter scale. 
The temperature c o n t r o l l e r  
When t h e  temperature o f  the ho t  condenser reaches 325-375'C, t h e  p o t  
When furnace power ana t h e  nitr-ogeii flo:: I n %  the furnace are  increased. 
t h e  p o t  furnace temperature i s  between 225OC- and 300'C plugging o f  t h e  pipes 
w i t h  subl imate may occur. This i s  observed by an increased pressure drop 
across t h e  sub l imat ion  u n i t .  I f  t he  plugging cannot be r e l i e v e d  by momen- 
t. 
. 
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t a r i l y  reducing t h e  n i t rogen  gas flow, t h e  pipes must be opened and cleaned 
w i thout  i n t e r r u p t i n g  t h e  operation. 
Subl imat ion o f  t h e  bu lk  of BeCl occurs when t h e  p o t  furnace temperaturn 2 
reaches 475-480°C. When subl imat ion s t a r t s ,  t h e  p o t  furnace power should 
be reduced so t h a t  t h e  BeC12 w i l l  no t  sublime too  rap id l y ;  o therwise t h e  pro- 
duct w i l l  be lumpy. During sublimation, t h e  pot furnace temperature w i l l  
remain constant. When it begtns t o  f a l l ,  t h i s  i s  an i n d i c a t i o n  t h a t  t h e  sub- 
l ima t ion  i s  p r a c t i c a l l y  complete. 
may then be turned o f f ,  and t h e  n i t rogen  f low reduced. 
The po t  furnace power and condenser heaters 
By using asbestos gloves, t he  c r u c i b l e  conta in ing  p u r i f i e d  BeC12 can be 
unclamped from the  ho t  condenser and any dense lumps o f  BeCI2 removed. 
p u r i f i e d  sublimate, which should be f ibrous,  Is t r a n s f e r r e d  t o  a s torage beaker, 
which i s  closed t i g h t l y  and removed from t h e  dry box. I f  t he  subl imate i s  t o  
be charged d i r e c t l y  t o  he c e l l ,  t h e  charging cone (see E l e c t r o l y s i s  Sect ion)  
i s  attached t o  t h e  cruc b le ,  clamped t i g h t l y  and removed from t h e  dry  box. The 
dense lumps which were co l l ec ted  cannot e a s i l y  be charged t o  t h e  c e l l ,  so they 
should be resublimed. 
The 
S t a r t i n g  w i t h  a c o l d  un i t ,  a complete p u r i f i c a t i o n  takes about 2 hours; 
bu t  i f  t h e  u n i t  i s  hot, t h e  operat ion can be completed w i t h i n  I 1/2 hours. 
Iwo compieie pui-YfYeatYon cyc!es Incl iwl ing c lean inq  t h e  equipment and t rans-  
f e r r i n g  t h e  product can be completed i n  one eight-hour s h i f t .  
- 
ELECTROLYS I S 
Charging t h e  C e l l .  The c e l l  i s  charged w i t h  an arrangement i l l u s t r a t e d  -- 
i n  F ig .  12. The charg ing cone i s  placed on a c r u c i b l e  f u l l  o f  BeCl which 
has been crushed f i n e  and i s  i n  a p r o t e c t i v e  atmosphere; t h e  cone and c r u c i b l e  
arrangement i s  attached t o  the c e l l  charg ing pipe. The charging p ipe  i s  then 
2 
# . '  
C .  
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( i n v e r t e d )  
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F i g .  12- C h a r g i n g  A r r a n g e m e n t  
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evacuated and b a c k f i l l e d  w i t h  n i t rogen t o  remove any a i r .  
a re  opened and t h e  BeCl 
c e l l ,  t h e  pinchcacks a r e  closed and t h e  c r u c i b l e  removed. 
The pinchcocks 
i s  charged t o  t h e  c e l l .  When a l l  t h e  BeC12 i s  i n  t h e  
2 
The c e l l  i s  i n i t i a l l y  charged w i t h  a 5-in. layer  of mercury (approx i -  
mately 550 I b )  and a 12-in. layer of e l e c t r o l y t e  of e u t e c t i c  composit ion 
(55.5 Ib  BeC12, 40 I b  NaCI). 
be attended c l o s e l y  t o  prevent any r a p i d  temperature r i s e .  
w i  i I begin fus ing  when t h e  sa It teFperature reaches 225OC, and fus ion  proceeds 
r a p i d l y  a t  25OOC. 
The i n i t i a l  heat ing  takes about 6 h rs  and must 
The s a l t  m ix tu re  
To avoid excessive vapor iza t ion ,  t h e  mercury temperature 
should no t  exceed 250' C dur ing t h e  i n i t i a l  heating. 
Before s t a r t i n g  e l e c t r o l y s i s ,  t h e  BeCl content  i n  t h e  c e l l  should be 
increased t o  60 Ib, t o  prevent e l e c t r o l y t e  f reez ing  due t o  BeC12 dep le t i on  
dur ing  e l e c t r o l y s i s .  
( 5 8  w t  $1 BeCI2, t h e  me l t i ng  po in t  o f  an e l e c t r o l y t e  conta in ing  60 w t %  BeCI2 
w i l l  decrease du r ing  e l e c t r o l y s i s  u n t i l  t h e  e u t e c t i c  composition i s  reached. 
2 
Since the e u t e c t i c  s a l t  composit ion i s  50 mol % 
Opera t ing  t h e  C e l l .  Before e l e c t r o l y s i s ,  t he  s a l t  concentrat ion should --
be i n  t h e  range o f  58-60 w t  % BeCIz. Samples should be taken before and a f t e r  
e l e c t r o l y s i s  t o  c o n t r o l  t h i s  concentrat ion. The r e c t i f i e r  can supply a maximum 
of 250 amps, 9 vo l t s ;  h igher  amperage w i l l  over load t h e  r e c t i f i e r .  The vo l tage 
i s  ad justed w i t h  t h e  v a r i a b l e  tpansformer on t h e  c o n t r o l  panel, bu t  t h e  
amperage should i n i t i a l l y  be adjusted by changing t h e  anode t o  cathode distance. 
Th is  can be done by a t tach ing  the overhead p u l l e y  t o  t h e  anode bus clamp and 
p l a c i n g  T rans i te  shims under the bus clamp t o  secure t h e  anode. The s t i r r e r s  
should be turned on wh i l e  t h e  amperage i s  adjusted. 
Dur i ng e I e c t r o  I ys i s,  t h e  sa I t temperature shou I d be above 275OC, bu t  
no h igher  than 33OOC t o  prevent mercury vapors and fogging. The top heaters 
. 
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on t h e  c e l l  a re  ad justed as requi red t o  avoid a temperature r i s e  dur ing 
e l e c t r o l y s i s .  
e l e c t r a l y s i s ,  t h e  amperage can be held constant by vary ing  t h e  voltage. 
Cathode s t i r r i n g  i s  essent ia l  t o  successful e l e c t r o l y s i s .  
Since t h e  anode t o  cathode d is tance i s  no t  changed dur ing 
When e l e c t r o l y s i s  has proceeded f o r  t h e  des i red length o f  t ime, t h e  
r e c t i f i e r  i s  shut  o f f ,  t h e  heaters adjusted, and t h e  temperature i d l e d  a t  
about 25OOC between e l e c t r o l y t i c  runs. 
I f  e l e c t r o l y s i s  i s  aliowed t o  proceed f o r  a long per iod  o f  time, g rea ter  than 
24 hours, t he  amalgam accumulated i n  t h e  cathode w i l l  become pasty and tap- 
p ing  w i l l  be d i f f i c u l t .  Once heated, t h e  c e l l  should never be allowed t o  
cool  unless circumstances requ i re  a complete shutdown. 
This  avoids undue mercury evaporation. 
C o l l e c t i n g  - t h e  Amalgam. The amalgam should be removed from t h e  c e l l  
a f t e r  e l e c t r o l y s i s .  The heater tape on t h e  mercury i n l e t  l i n e  should be 
turned on, t h e  water f low through t h e  e x i t  coo le r  checked, and t h e  mercury 
ho ld ing  tank should be f u l l  before tapping the  c e l l .  
The i n l e t  mercury va lve  can be opened slowly, and t h e  flow adjusted by 
v i sua l  observat ion o f  t h e  e x i t i n g  amalgam f low through t h e  Tygon l i ne .  I f  
t h e  c e l l  i s  tapped slowly, the  amalgam w i l l  l i k e l y  d r a i n  on t h e  f i l t e r  screens. 
Tapping should cont inue u n t i l  t h e  e x i t i n g  mercury appears t o  be be ry l l i um 
f ree .  I f  more mercury i s  needed i n  t h e  ho ld ing  tank t o  f i n i s h  tapping, it 
can be pumped up from t h e  f i l t e r  tank. 
When tapping i s  completed, the  cooler  can be f lushed by admi t t i ng  
mercury through t h e  bypass vaive, 
amalgam, o r  t o  r e l i e v e  a bui ldup o f  mercury on t h e  screens, t h e  vacuum 
pump i s  switched on and vacuum i s  appl ied a t  t h e  f i l t e r  tank. The mercury 
i n l e t  l i ne ,  t h e  vent l ine ,  and t h e  mercury o u t l e t  l i n e  a t  t h e  f i l t e r  should 
To f i i r t h e r  cencentrate t h e  c o l l e c t e d  
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a l l  be clamped t o  i s o l a t e  t h e  vacuum from t h e  r e s t  o f  t h e  c i r c u i t .  
When vacuum i s  appl ied, n i t rogen should be f l ow ing  s lowly  i n t o  t h e  f i l t e r  
above t h e  screens. 
Vacuum i n  t h e  f i l t e r  tank below t h e  c o l l e c t i n g  screens w i l l  be ev ide 
due t o  co l l aps ing  of t h e  Tygon level -  ube. When any of t h e  Tygon l i n e s  
which en te r  t h e  f i l t e r  tank above t h e  screens begin t o  col lapse, it i s  an 
i n d i c a t i o n  t h a t  t h e  "amalgam cake" on t h e  screens has cracked and f i l t r a t  
t 
on 
i s  p r a c t i c a l l y  complete. The vacuum l i n e  should be closed and n i t rogen  a l low-  
ed t o  flow i n t o  t h e  f i l t e r  u n t i l  t h e  pressure equal izes w i t h  t h e  remainder of 
t h e  system. To empty the  f i l t e r ,  unscrew t h e  s i n g l e  b o l t  clamp, remove the  
l i d ,  l i f t  o u t  t h e  screen cup, place it on t 
amalgam t o  an a i r t i g h t  conta iner .  
To prevent screen damage, on l y  a p l a s t  
f e r r i n g  t h e  amalgam. A f t e r  the screen cup 
e dry  box she l f ,  and t r a n s f e r  t h e  
c spoon should be used f o r  t rans-  
s replaced and t h e  f i l t e r  closed, 
a l l  t h e  mercury can be pumped t o  t h e  ho ld ing  tank. Any t ime mercury i s  f low- 
ing  i n  t h e  system, a l l  vent l i nes  should be open. 
Contro l  Analysis. Samples o f  e l e c t r o l y t e  taken before and a f t e r  each 
e l e c t r o l y t i c  run were analyzed as fo l lows:  
1 .  Weigh about I gm i n  a tared, covered weighing b o t t l e .  
2. T rans fer  t h e  sample t o  a beaker aiid add  55 m!  c?f a prev ous ly  pre- 
pared a lcohol  s o l u t i o n  (80% secondary bu ty l  a lcohol  and 20% ethy a lcohol  I .  
3.  B o i l  s low ly  for 3-4 hr, i n t e r m i t t e n t l y  crushing t h e  sample w i t h  a 
stlrrl9g m d ,  
completely d isso lved.  
When t h e  sample appears whi te  and granular, t h e  BeC12 i s  
4.  Using a vacuum f lask ,  f i l t e r  the  sample through a ta red  s in te red-  
g lass  f i l t e r .  Wash w i t h  the  a lcohol  so lu t i on .  
5. Dry t h e  s in tered-g lass f i l t e r  con ta in ing  t h e  res idue a t  l l O ° C  t o  
constant  weight and redord the weight. The res idue i s  NaCI .  
